Introduction.
Discussion of the behaviour of genes and gene complexes which control the development of quantitative characters relies largely on hypothesis and convenient assumption, rather than empirical demonstration. Further understanding in this field calls for more detailed experimental analysis, although this encounters many practical difficulties and much depends on the use of appropriate material. Deductions based on the comparison of responses to artificial selection and the usual methods of population analysis are often limited by the difficulties found in discriminating between widely different interpretations of the same phenomena. One way of enlarging the scope of experimental analysis in Drosophila melanogaster, is to construct different combinations of chromosomes from pairs of lines which differ strikingly in some respect, due to selection for example, or which produce striking heterosis when crossed. Many genotypes can be created at will and the comparison of genetic constitution with the level of expression of the character under study makes it possible to test different hypotheses about gene and chromosome behaviour.
Such methods have already been used in a partial chromosome analysis of strains selected for large and small size (RoEERTSO~ and REEVE, 1953) , and in a complete analysis of all possible combinations of major chromosomes from inbred lines obtained without selection and after selection for small size (ROBERT-SO~, 1954) . These experiments suggested that the positive F 1 deviation from the mid-parental level, in most crosses, could not be accounted for in terms of the addition of the effects of individual chromosomes acting in a more or less dominant manner, nor of the addition of over-dominance effects arising from heterozygous pairs. There was clear evidence of gene interaction which tended to be uni-directional, in the sense that gene combinations which favour smaller size tend to be hypostatic to those responsible for more normal or larger size. Also the phenotypic variability of the body size of inbred lines was found to exceed that of the crosses between them, while the comparison of types heterozygous for different numbers of chromosome pairs suggested that this reduction in variability is closely related to the level of heterozygosity (ROBERTSON and REEVE, 1952b; REEVE and ROBERTSON, 1953) . * Member of the Agricultural Research Council Scientific Staff.
FORBES Wo ROBERTSON and E. C. R. REEVE:
The present paper describes an extension of a partial chromosome analysis to a further series of crosses between inbred lines, and deals with the inheritance of egg production as well as body size. It is particularly instructive to compare, on the same material, the genetic control of quantitative characters which are so different in their reaction to environmental variability and response to inbreding. STRAYS (1942) also studied egg production bysimilar methods and concluded that output is linearly related to level of heterozygosity.
Methods and Material.
a) The chromosome combinations. An earlier publication (ROBERTSON, 1954) has described methods of preparing all possible combinations of major chromosomes from pairs of inbred lines with the aid of marked, autosomal inversions and a system of backcrossing which minimises possible error due to recombination. The present experiments deal with only 15 of the possible 27 combinations of major chromosomes in females. These comprise the parent lines, and the types characterised by individual and joint substitutions of single, non-homologous chromosomes of one line for those of another. The array of types is set out in Table 1 , using a convenient notation in which such letters as A or B represent homozygous, and X indicates heterozygous pairs of homologues; the particular chromosome pair is indicated by the order of the letters.
The method of preparing the types is shown in Table 2 Curly (Cy) and Curly Lobe (Cy al 2 L 4 sp ~) --with the inversion in both arms --are used for balancing II, and Moird (Md) and Moird Stubble (MdSb) for III. Cy L 4 and Md, either alone or together, are particularly effective in suppressing recombination; they occur in females at only one stage of the procedure while the other inversions are carried in males, and so error due to crossing-over should be very slight. Males, carrying the markers Cy MdSb or Cy L 4 Md, are repeatedly backcrosscd to females of the two lines, say A and B. Crosses are then made between Cy Md Sb males, from the backcross to A and B and Cy L 4 Md females produced by backerossing to respectively B and A. From the F 1 various types of male are chosen, and crossed to virgin females of the appropriate line, as shown in the diagram. In the next generation, wild type flies, of known constitution, are separated and measured or used for recording egg production. The pure lines and the reciprocal crosses are reared at the same time to complete the array of types. The 4th chromosome has been disregarded, since the earlier tests, with a greater variety of genotypes, suggested that differences due to variation in this chromosome are likely to be unimportant.
b) The material and general procedure. Most of the lines used here are derived from different wild stocks of Drosophila melanogaster, by inbreeding with brother-sister mating. With the possible Backcrosses
The crosses which exception of the Oregon lille, the early history of which is uncertain, inbreeding began shortly after the stocks were established in the laboratory. When crossed the F 1 shows heterosis for both size and egg production. The size of the parent lines and their crosses is set out in Table 3 , along with an estimate'of the average size of a number of different non-inbred, wild stocks, taken from another publication (ROBERTSO~ and REEVE, in the press). The data relating to the chromosome analysis of the three lines described in an earlier paper (RoBERTSON, 1954) are included here, and in the subsequent analysis, since there is an advantage in comparing as many parallel genetic combinations as possible. Egg production is based on the total eggs laid during a 4-day period corresponding to the phase of maximum daily yield, i.e. approximately the 4th to 8th day of adult life (HA~so~ and FERRIS, 1929; SHAPIRO, 1932; ROBERTSON and SANG, 1944) , when the number of eggs laid on consecutive days by an individual fly is usually comparatively constant. GOWEN and JOH~SOS (1946) have shown a high correlation between the output during this periodand the life-time yield. The egg production of inbred lines and their crosses are also summarised in Table 3 , and may be compared with the average production of the vigorous, mass mating, CYianlarich stock. Evidently inbreeding causes a striking decline in egg output and there is clear-cut heterosis when the lines are crossed. Comparison with the similar data relating to body size, suggest that egg production is more sensitive to inbreeding --a promising contrast for analysing the effects of chromosome substitutions on the two characters.
The mean values of wing and thorax length of the different chromosome types are based ideally on a series of 5 females from each of 5 replicated cultures set All experiments are conducted at 25 ~: 0,50 C. Methods of culture, measurement and the recording and collection of eggs have been fully described elsewhere (RoBE~TSOZU and REEVE, 1952a) . Measurements of wing and thorax are expressed in 1/100 mm. c) Scale. For a statistical test of the adequacy of any scale, we must change the mean by altering either the environment or the genotype, and study the effect Oll environmental variability. But it proves to be very difficult to change the mean by methods which leave no theoretical grounds for believing that the variance will also be changed. Thus change by environmental means --level of nutrition or temperature --almost certainly alters the range of environmental conditions in the culture, and a transformation which left the variance constant for changes in these factors would obviously give a biassed result. If we compare heterozygotes with homozygotes, the former generally have larger means, but again it is likely that the heterozygotes will be better able to cope with a given range of environmental conditions than the homozygotes, so that their variance will actually be less. It is possible that even comparison of inbred lines with different means would introduce similar difficulties, since those with the larger means might have "better" genotypes and show less variability for a given range of environment --in other words, change of mean may indicate a change in ability to maintain constancy under given conditions. For these reasons a scale chosen for its statistical value in making the variance constant may actually up on two successive days i. e. 50 individuals in all. Egg production, in view of the labour involved, has been recorded only on flies drawn from the five cultures set up on a single day, hence the individual egg production as well as size is known for approximately half the total flies studied. Generally less than the ideal numbers are available, due to the hazards of segregation and low viability associated with a few genotypes, while, in the case of egg production, occasional death or escape of a fly further reduces the number. Error variances are based on within-and between-culture effects, suitably adjusted for variation in the number of flies per culture. obscure some interesting biological phenomena, and it seems better to rely on theoretical considerations.
Theoretically, one would expect any cause of variation, genetic or environmental, to act in proportion to the mean, rather than independently of the mean --i. e. genetic or environmental factors are likely to affect the rates or duration of processes --, and it is in fact difficult to imagine a change which would add the same amount on to a large and a small organ. It seems natural, therefore, to use a logarithmic scale rather than the scale of measurement in which the data are recorded. For wing and thorax length, however, the range of variation is comparatively slMall and a log transformation was not used, as it makes little difference to the analysis of mean differences and is hardly worth the additional labour of computation. The coefficient of variation provides a sufficiently valid measure of variability and earlier work has supported this view (ROBERTSON and REEVE, 1953) . With egg production the range of variation is very much greater. Accordingly all 4-day totals have been transformed to natural logarithms and all computations are based on such transformed data.
3. Experimental Analysis.
a) Genotype and mean per/ormance. i) Body size. Since crosses between lines show heterosis, we are evidently not dealing with a purely additive genetic system. The chromosome is here the lowest unit and we must first see how far interaction between non-homologous chromosomes appears in the array of types, as distinct from the aggregate dominance of one chromosome to its homologue.
To test for departure from additive combination of non-homologous chromosomes, it is necessary to avoid dominance effects by considering separately each series of 8 genotypes consisting of an inbred line and the genotypes obtained by substituting one or more chromosomes of another llne, in single dose --e. g. AAA, XAA, AXA, AAX, XXA, XAX, AXX, XXX. Representing the means of these genotypes by A, A~a, A~-b, A~-c, A~-a~-b, A~a~c, A~-b~-c and A-~a~-b~c, where A is the expected mean of AAA, and a, b and c are the average effects of substituting a first, second and third chromosome of another genotype B, we can solve for A, a, b and c by Least Squares and test whether the fitting of the four constants leaves any significant interaction. This form of analysis is, of course, well known from factorial field plot experiments. The solution may be written: whele, on the right hand side, ~. A = sum of all genotype means, ~ a • sum of means of genotypes with heterozygous first chromosome, etc. The interaction variance is the mean of the interaction variances between chromosomes i.e. 1 × 2, 1 × 3, 2 × 3, 1 × 2 × 3, with four degrees of freedom, and may be calculated as quarter the sum of squares of differences between expected and observed values of the genotype means. It is tested against the error variance of a genotype mean. Each crossing experiment provides two series of 8 genotypes with a common type XXX (table 1), for which the error variances are pooled. In one such series a genotype was missing, and a modified Least Squares analysis was made.
The tests of the presence of interaction in the various series are set out in Table 4 . Evidently the majority of the sets of comparisons show significant departure from a system of additive combination. Particularly interesting are It is interesting to compare these results with the effects of interchanging chromosomes between small lines, descended from selected strains, and unselected lines derived from the same initial population (ROBERTSON, 1954) . The F 1 of such crosses closely resembled the larger parent in size, but in the Nettlebed series there was clear evidence of genetic interaction between non-homologous chromosomes, but none in the Edinburgh series. The chromosome analysis of the selected lines presents the same sort of phenomena as are shown in the present combinations.
The analysis can be carried a stage further by using a modification of the Least Squares analysis which enables us to separate the interaction variance into three components, attributable respectively to inconsistencies among the 6 single and double heterozygotes, and to deviations of the homozygote and triple heterozygote from the values expected on the basis of linear combination of chromosomes in the single and double heterozygotes, The equations to be solved by Least Squares become:
As before, a, b and c measure the average effects of making the first, second and third chromosomes heterozygous (when one other chromosome pair is already heterozygons), n is the expected size of AAA assuming linear combination of chromosomes, and h A and h x are the deviations of AAA and XXX below their expected values, assuming linear combination of chromosomes. After fitting the 5 constants there remain 2 degrees of freedom for deviations between actual and expected values, giving an interaction variance which measures inconsistencies in the substitution effects when one chromosome pair is heterozygous (i. e. within the group of 6 partial heterozygotes). This variance (I) and h x and h x give us the three components of the original interaction variance, a n d enable us to detect non-linear chromosome combinations within the group of single and double heterozygotes and in the homozygotes and triple heterozygote, respectively. Table 5 . Estimates o/substitution e//ects and interactions.
S.E. of h A and h x : a u~ where a 2 is variance of a genotype mean.
Interaction variance (I) = i~ (x 2 d-y~ d-xy), with 2 degrees of freedom ; where
S is the error variance for testing I.
Tim equations for obtaining the various estimates and their s t a n d a r d errors are set out in Table 5 . Table 6 lists the components of interaction for the 13 series; these are t a b u l a t e d in order of Table 6 . E//ect o/ the presence o/heterozygous pairs o/chromosomes on the degree o/additive combination-thorax length. increasing difference between the fully heterozygous type (XXX) a n d the homozygous b a c k g r o u n d (AAA) in which the substitutions are carried out.
Of the three compon e n t s of i n t e r a c t i o n in the case of thorax length (Table 6) I is e v i d e n t l y the least i m p o r t a n t , so t h a t there is comparatively little interaction Single and double asterisks indicate significance at the between chromosomes 0,05 and 0,01 levels of probability. substituted in a partially heterozygous background. Several significantly negative values of h x occur, suggesting t h a t interactions in the triple heterozygote, tend to make it larger t h a n would be expected from the size of the partial heterozygotes, while the most i m p o r t a n t interaction effects are associated with hA, which is usually positive when significant. This implies t h a t the homozygote tends to be smaller t h a n the sizes of the partial heterozygotes would lead us to expect, suggesting t h a t interactions between the different homozygous pairs of chromosomes in the inbred lines are often p a r t l y responsible for their small size. Finally, it is of particular interest t h a t significant interactions are most frequent with substitutions in the smallest lines, e. g. E4, 01 and N1, and in cases where the greatest deviation X X X --A A A occurs.
The analysis of the interactions for wing length (Table 7) , tells much the same story, except t h a t there is a large interaction I for both tests with E 4. E v i d e n t l y the estimates 2.4** The two E 4 series show p a r t i c u l a r l y strikSingle and double asterisks indicate significance at the 0.05 and 0.01 levels of probability, ing inconsistencies in the substitution effects for both characters. Thus taking the first E 4 series for wing length and subtracting 196.3 units from all dimensions, we can compare the observed and expected sizes of A A A and X X X as follows:
Although the triple heterozygote is Observed Expected sizo larger than the homozygote, substitusize tions of the form ( X --A ) in a partially XXX 9.7 9.7 ÷ hx = 0.2 heterozygous background reduce size, AAA 0 0 -~ h~ = 18.3 so t h a t the expected value of X X X is XXX--AAA 9.7 --18.1 much less t h a n t h a t of AAA. Similar results are obtained with both wing and t h o r a x length for the two E a series. In these cases all three components of interaction are substantial, and the a t t e m p t to locate the genotypes which are the main sources of interaction fails.
I t is of particular interest t h a t the degree of interaction m a y be very different when chromosomes from different lines are substituted in the same line. Thus N2, N a and E a have each been used in two such tests. Only in the case of substitutions in E a do the estimates of h~, h x and I run parallel. In the others, the estimates of h A are opposite in sign and generally significantly different. On theoretical grounds, we might expect t h a t such effects are more typical of substitutions from lines drawn at r a n d o m t h a n the consistency of the effects of substitutions on Ea, but this problem requires more detailed study.
Summing up, groups of genotypes of a series A A A -> X X X tend to show interaction between non-homologous chromosomes particularly when the homozygote AAA is small or the difference XXX--AAA is large, and in these cases the major source of interaction is usually a reduction of size in the homozygote, with some tendency for the triple heterozygote also to be larger than we should expect fsom substitution estimates made in a partly heterozygous background.
ii) Egg production. Fewer experiments are available Table 8 . Least squares test for study of the effects of chromosome substitution o/ additive combination o/ on egg production than for size. The analysis is chromosome e//ects on egg carried out in exactly the same way; except that the production. Units of data have been transformed to natural logarithms for 10 log e (eggs ~er day). the reasons discussed above. Applying the general Mean Series square of Error Least Squares test, we find that half the comparisons deviations variance show significant departure from an additive scheme (Table 8) . Egg production and size agree, therefore, gl 9.17"* 0.69 C a 3.23** in providing examples of both additive and nonadditive combination of non-homologous chromosomes. 1~2 2.97** 0.64 C10 0.85 It will be noted that the error variance is particularly N1 1.80
1.96 large in the experiment involving the N1/N 2 substi-N 2 7.10"* tutions. High phenotypic variability is often en-N2 0.42 1.06 countered in the study of egg production and presu-R2 0.53 mably depends largely on uncontrollable variations in the nutrition of the larvae.
The results of the more discriminating least squares analysis are set out in Table 9 , following exactly the same scheme as for size. The most striking feature of the Table is The comparisons are expressed in units of 10 log e (egg output) for ease of reference. There are 4 degrees of freedom in all series other than that relating to substitutions of C10 chromosomes in R 2 background, where there are only 3.
from the partial heteroThe interaction variance genotypes which are responsible for low egg production are particularly associated with the interactions observed in chromosome exchange and the presence of at least one heterozygous pair of chromosomes tends to establish conditions which are more favourable for additive combination of chromosomes. It will be noted where the line N~ occurs in two tests, that h A is insignificant in one, highly significant in the other, and that the performance of the homozygote is considerably lower in the second test. It is unlikely, however, that the significant value of h A is attributable to the low value of h x alone in the latter case, since the general level of egg production of different genotypes often shows parallel fluctuation in successive tests, due presumably to differences in the constitution of the different batches of medium and the growth of the yeast with which it is seeded. Hence these contrasts may probably be taken as a further illustration of the different degrees of interaction often encountered when chromosomes from different lines are substituted in the same background.
b) Variability. i) Body size. The phenotypic variation between individuals of a single genotype reflects their sensitivity to the variation of external conditions. There is good evidence, relating to a variety of characters, that inbredlines are more variable than the crosses between them (Gow~ and JOHnSOn, 1946; MArHER, 1950; ROBERTSON and REEVE, 1953 b ; REEVE and ROBERTSON, 1953) , and our earlier chromosome analy~es demonstrated an inverse relation between the variability of body size and the level of heterozygosity, as measured by the number of heterozygous pairs of chromosomes. KARP (1940) , according to the summary given by LEI~NER --we have so far been unable to study this paper --studied the effects of making different lengths of chromosomes I and III homozygous with the aid of recessive markers and found a general relation between homozygosity and variability although discrepancies were noted.
There was also a tendency for higher egg production to be associated with a lower coefficient of variation. However the coefficients of variation, which are quoted, are extremely large (59--122) and raise difficulties of interpretation. The present experiments take the analysis of this problem a stage further.
The analysis of the variability is based purely on the variation within cultures. The variance of wing and thorax length has been expressed in squared coefficients of variation, which is equivalent to using a logarithmic transformation, but for egg production the data were transformed to natural logarithms. The variability of corresponding types has been averaged over all experiments and tabulated in order of increasing heterozygosity in Tables 10 and 11 . The analysis for wing and thorax length, given in Table 10 , shows the familiar reduction of variability in Crosses between inbred lines, compared with the parent lines --a reduction on the average of 40% for thorax length and 27% for wing length. Comparing the averages for genotypes with particular chromosomes heterozygous, it will be seen that the presence of a single pair of heterozygous chromosomes always causes a marked decline in variability below the level of the homozygote, but there is little sign of any further reduction when a second chromosome pair is made heterozygous. The variance is, however, further reduced in the triple heterozygotes. The exact relationship between variance and level of heterozygosity cannot be judged from these figures, since a small part of the variance in the partial heterozygotes may be genetic, due to segregation of the uncontrolled fourth chromosomes. Turning now to egg production (Table 11) , we find a striking inverse relation between variability and number of chromosome pairs heterozygous. The variance of the homozygote is reduced by about 80% wtmn a single pair of chromosomes is made heterozygous, and a further steady (though much less rapid) decline in variance occurs as the number of heterozygous pairs of chromosomes increases from 1 to 3. There is even a tendency among the single heterozygotes for the variance to decrease in the order I, II, III, i. e. as length of chromosome heterozygous increases, although such a tendency is not visible in the variance of body-size. It should be noted that the variance of fecundity in Table 11 (units of 10 log e daily output) must be multiplie d by 100 to bring it on to the same relative scale as the variance of size in Table 10 (units of (100a/m)2), so that the relative variance of fecmrdity is about 200 times as great as that of body-size.
It is clear from these results that the mean, variance and level of heterozygosity are all inter-related in the case of each character, in that the mean generally increases and the variance falls as hetcrozygosity increases; and it is therefore of interest to attempt to separate the effects on variance of variations in mean and in level of heterozygosity, by a partial regression analysis. For this purpose, we note that 14 of the 15 genotypes provided by each experiment (as listed in Table 1 ) can be grouped in pairs such as (AAA, BBB), (XAA, XBB), (XXA, XXB), etc., such that the two genotypes of a pair are identical for their heterozygous chromosomes and carry respectively A and B homozygotes for the rest. This gives seven pairs and the unpaired triple heterozygote XXX, making eight groups in all. If y is a suitable measure of the variance of a genotype, and x of its mean, we can calculate the regression of y on x bo~h within pairs of genotypes of equal heterozygosity and between pair-means (XXX being considered as a pair mean). 30*
The within-pair regression is a partial regression of variance on mean, with level of heterozygosity held constant, and may be compared with the regression on the pair averages, for which both mean and heterozygosity vary. Further, the level of heterozygosity (H) may be roughly measured in terms of length of chromosome heterozygous, and the partial regression of variance on mean, with H constant, calculated within and between pairs, can be compared. This comparison, together with the between-pair regression of variance on H, should give some idea of the independent effects of mean and heterozygosity on variance.
This analysis has been confined to fecundity and thorax length, since wing length adds little to the latter. Both variables are measured in logarithmic units, for reasons given earlier, and the variance has been measured as y = log e s, where s is the standard deviation for any genotype. Weighted mean squares of y are calculated, the weights being the numbers of degrees of freedom of s, so that the mean squares have the expected value of 0.5. The use of log e s reduces the effect of the rather striking non-linear trend of variance of fecundity with increasing heterozygosity, shown in Table 11 . tI has been taken as proportional to the metaphase chromosome length heterozygous (after GowsN, 1952) , I, II and III being rounded off as 3.1, 4.4 and 5.6 units. No significant differences between experiments were found, and the mean squares etc. were pooled within experiments.
The analysis is summarised in Table 12 , and gives the regression and residual mean squares, with their degrees of freedom (D. F.) and some regression coefficients (b). Rows are numbered for easy reference. (A) shows the analysis within pairs of genotypes of equal heterozygosity, and (B) and (C) give two ways of looking at the regression of variance on mean and H for pair averages, in which we take H and the mean, respectively, as the primary variate. A-0.03 (A) shows that the regression within pairs is negative, but not significantly so, for both characters; hence the environmental variance has a slight tendency to decrease as the mean increases without changing the heterozygous chromosomes. The analysis of pair averages differing in heterozygosity (B and C) shows that the variance has a strong negative correlation with both It and mean (items 4 and 7). The mean and tt are highly correlated (r ~ W 0.8 for both characters), so that their independent effects are hard to separate; but if we keep H constant there remains a significant negative correlation between variance and mean (5), while keeping the mean constant leaves no significant partial correlation between variance and tt (8). This does not appear to be caused by H being an inadequate measure of chromosome length, since it turns out that no other choice of lengths will noticeably increase the linear regression of variance on H.
Thus both the within-pair and between-pair analyses suggest that the variability is still negatively correlated with the mean, when the level of heterozygosity is held constant, although the between-pair partial regression is greater than that within pairs, particularly in the case of fecundity. These results suggest that the crude level of heterozygosity is not the only factor affecting variability, but that specific heterozygous gene combinations are also of importance in determining the level of both mean and variability. In addition it will be noted that there is some heterogeneity in the residual variance for both the within-pair and between-pair analyses (2 and 6) when compared with their theoretical values (3), for both characters. This suggests the existence of genetic effects on variability unconnected with mean or level of heterozygosity; but segregation of the uncontrolled fourth chromosome may contribute to this effect. Finally, it is significant that two such different characters show very similar inter-relations between the three variates.
Some additional evidence suggests that a negative correlation between variance and mean also occurs, when the mean is varied by environmental changes. The data refer to several experiments in which samples of the wild Crianlarich stock were reared in a series of replicates and the flies were measured and their egg production recorded. The flies, in any experiment, represent random samples from the same population, and differences between cultures may be attributed primarily to environmental causes. The between-culture regression of variability on the Mean, calculated in the same terms as above, is negative and clearly significant (b =--1.71-4-0.16, D.F. = 70) for egg production, and negative, although not significant for thorax length (b = --0.03 ± 0.04).
We thus have some evidence of parallel tendencies in genetic and environmental variations, in the sense that both genetic and environmental changes which increase the mean tend to reduce the variability.
c) Relative e]/ects o/di/]erent chromosomes.
As we have seen already, there is a high correlation between the degree of heterozygosity, measured in terms of metaphase chromosome length, and both mean and variance. It is not possible to reduce significantly the residual variance in the partial regression of variability on heterozygosity, holding the mean constant, by choice of alternative estimates of chromosome length. It is therefore of interest to bring together all the available estimates of the relative activity of the different chromosomes for the different characters. Simple least squares estimates of chromosome length, using all genotypes of a series, have been taken, e. g.
and the averages are expressed as percentages of the average effect of III in Table 13 . These least squares estimates seem to be most appropriate, in spite of the occurrence of interaction, since they include estimates in the greatest variety of genetic backgrounds. The estimates based on the means are consistent for the three characters, and only one of the, doubtless less reliable, estimates based on variance, shows much disagreement with them. There is, therefore, little evidence of differ- 100 100 ] 100 number of gene differences involved is large. Genetic differences in II and I appear to be about 60% and 20 % as effective as genetic differences in III, in contrast to their relative metaphase length of 79% and 56%, so that the X-chromosome appears to have only about half as much activity per unit length as autosomes. This may well be connected with the presence of single and double doses of the X-chromosome in males and females and the possible advantages of a restriction of sex-linked effects. The present analysis may be compared with the data of STRAYS (1942) which have been summarised by GowE~ (1952) , and which consist of a study of the effects on egg production of all combinations of major chromosomes from a pair of inbred lines, which showed heterosis when crossed. No interactions between non-homologous chromosomes were detected; the greatest effect was associated with the substitution of II and this was regarded as consistent with estimates of chromosome length based on per-cent visible loci and cross-over units. However, the present experiments, which have demonstrated both interaction and its absence in different tests, suggest caution in generalising from the effects of combining chromosomes from a single pair of lines, with respect to both the occurrence of interaction and relative chromosome activity. Chance must obviously play a large part in deciding the distribution along the chromosomes of gene differences in any two inbred lines, and the relation between chromosome length heterozygous and mean character expression could not be expected to have much significance when calculated for substitutions between two lines only. It is worth noting, too, that the error variance in ST~Avs'experiments, due presumably to uncontrolled environmental variation, was much greater than in the present tests, and this would naturally lessen the chance of detecting statistically significant interactions.
Discussion.
Body size and egg production represent two "characters" in the sense that variation in each can be separately evaluated in quantitative terms. Since they constitute different aspects of the integrated, adaptive responses of the animal, we might expect that variation in either character will have a somewhat different significance in relation to adaptation generally. Thus ability to produce more rather than fewer eggs, even under adverse conditions, would appear to be an adaptive asset; variation in body size is related to fitness more indirectly (and it is by no means obvious whether natural selection tends to favour a maximum or intermediate size). Such contrasts in the economy of the animal may be reflected in the qualities of both genetic and environmental variation with respect to the different characters. There is an obvious difference between them in the relatively greater sensitivity of egg production to environmental variability, especially variation in larval nutrition, even, under our culture conditions which are generally favourable for rapid growth, and it is of interest to look for contrasts in genetic behaviour as well.
Body size and egg productidn both decline with inbreeding, and when inbred lines are crossed the F 1 generally falls within the range of variation encountered among the individuals of outbred stocks but there is little doubt that size is relatively Jess affected than egg production. Thus, judged by thorax length, body weight may decline by anything between 0 and 30%, while egg production is usually reduced by more than 50% when newly established wild stocks are inbred. Random fixation of genes which affect egg production is unhkely, since homozygous combinations which reduce egg production too much will be selected against during inbreeding; it is possible that comparable selection is less important in relation to body size. Evidently then, egg production may be regarded as far more sensitive than body size to both environmental and genetic changes.
In view of the widespread evidence of interaction between non-homologous chromosomes, revealed in the course of chromosome exchange between lines, it is clear that the heterosis which appears in crosses cannot be generally accounted ~or in terms of the summation of independent effects of dominance or overdominance; this supports the conclusions derived from a somewhat different method of chromosome analysis, already described (ROBERTSON and REEVE 1953) . Such analyses can, of course, only detect interaction between unlinked genes; but there is little doubt that the same sort of interaction occurs between linked genes as has been shown for genes located on non-homologous chromosomes. It appears that gene interactions play an important part in the genetic control of typical quantitative characters so that the effect of any gene substitution is likely to be far from constant when the genetic background is changed.
If we measure the heterosis in a cross by the deviation of the F 1 from the midparental level, there appears, in the case of body size, to be an association between the extent of such heterosis and the likelihood of detecting genetic interaction in the course of exchanging chromosomes between the lines. Such interactions are detected most clearly when both lines are particularly small, or when chromosomes from a larger line are substituted in the background of a smaller one. In one set of reciprocal exchanges, i. e. between the lines R 1 and C8, where the parents are comparatively normal in size, significant interactions are encountered; in this case the F 1 apparently exceeds the average size of wild stocks.
Analysis of the effects of chromosome exchanges on egg production prQvides parallel indications. There is a consistent tendency for the full homozygotes to have a lower egg production than we should expect from estimates based on chromosome substitutions made in a partially heterozygous background (h x is always positive). Moreover the homozygotes with the lowest output generally show the most marked interaction, since they deviate most from expectation. It must be remembered that study of the effects of whole chromosomes greatly underestimates the variety and extent of genetic interaction generally, but, since the properties of whole chromosomes are assumed to reflect the properties of the genes they carry, the degree of interaction between chromosomes may be taken as a rough, but reasonably reliable guide, to the occurrence of interaction between genes.
Evidence for gene interaction, in studies of genetic variation, generally implies that the effect of a given gone substitution is not constant, but may be enhanced, reduced or inhibited according to the genetic background. The genetic inteactions revealed in these experiments do not appear to be of a haphazard nature. The second least squares test suggests that a good deal of, but by no means all, the responsibility for such interaction may be attributed to the properties of the homozygous combinations. The substitution of even a single chromosome from another line tends, on the average, to create conditions which favour a more additive combination of chromosome effects.
In view of the one way effect of inbreeding on size and egg production, it is hardly surprising to find an average relation between the increase towards the normal level of outbred stocks and the level of heterozygosity, as measured by length of metaphase chromosome. But such an average relation conceals a variety of individual differences in relative effect of corresponding substitutions in different series. Thus, in some cases, the presence of a single heterozygous pair of chromosomes, in an otherwise homozygous background, raises the level of one or other character to that of the cross between the two lines from which the chromosomes are drawn. The general tendency for single substitutions to return most of the way to the level of the fully heterozygous type is most evident for egg production and rather less so for size, in which the highest level is sometimes associated with the fully heterozygous combination. When chromosomes from two different lines are substituted in thesame homozygous line, the degree of interaction may be very different, although there is one example of consistency with respect to body size.
A further line of evidence is provided by the marked negative correlation of environmental variability with both mean and level of heterozygosity, for the two characters. The inter-relations of the three variates are difficult to disentangle, in view of the high positive correlation between mean and index of heterozygosity (metaphase chromosome length heterozygous). But variations in heterozygosity are not able to account for all the differences in variability among the genotypes, or for all the correlation between variability and mean, while there is no remaining correlation between variability and heterozygosity, when the mean is held constant. This suggests that crude level of heterozygosity is not the only factpr determining variability, but that specific heterozygous gene combinations are also of importance in controlling the level of both mean and variability.
For egg production there is also evidence of an inverse relation between mean output and variability, when the latter is primarily of environmental origin. There is no sign of this in body size, but it must be remembered that the same range of environmental variation has less effect on size than egg production. The association of effects --more normal size or egg yield, decline in variability and diminished evidence of genetic interaction --evidently all stem from the replacement of homozygous by heterozygous combinations, and we must consider the wider implications of these apparent inter-relations.
Inbreeding highly heterozygous wild stocks produces a genotype not likely to arise as a result of the normal processes of segregation, and leads to less favourable conditions for normal development which results in diminished size and egg production and increased sensitivity to environmental variation. It could be maintained that inbreeding destroys the original "genetic balance" while outcrossing restores it. But to use such a term as "genetic balance" begs the main question and throws no light on the basis for regularities associated with inbreeding, outcrossing and chromosome exchange. These are, however, raw material for any attempt to understand the genetic attributes of adapted wild stocks.
These experiments have focussed attention on the effects of heterozygous, as opposed to homozygous, combinations. Presumably size and egg production may be influenced by loci distributed over all chromosomes; hence increase in the number of heterozygous pairs of chromosomes is equivalent to making numerous gene substitutions. It does not follow that normal size or egg production can only be attained with heterozygous gene combinations. Thus, as noted earlier, the average reduction in size by inbreeding is small, while, by selection, followed by inbreeding, it has been possible to establish a number of homozygous lines which exced the average size of the parent stocks (ROBERTSON and REEVE, in the press). It is likely that characters differ with respect to the variety of homozygous combinations which are consistent with a normal level of performance and this will be reflected in the average response to inbreeding as in the contrasted behaviour of size and egg production. It is significant that the latter appears to be relatively more sensitive than body size to environmental variation. A high level of egg production provides a stringent test of the animal's efficiency in the rapid conversion of nutrients and makes exacting demands on environmental conditions; we might expect such a character to be relatively more sensitive to genetic changes than body size. It is a reasonable inference that it would be relatively more difficult to find homozygous combinations which are consistent with normal egg production than is the case for body size.
These considerations are not intended to underrate the possible importance of heterozygous gene combinations, but rather to underline the qualifications which must be borne in mind, when interpreting the results of the chromosome analysis. Since heterozygous combinations involve greater genetic diversity, it could be argued that they are therefore more likely to approximate to the genetic conditions for normal growth which appear to be consistent with a great variety of gene combinations. The recent work of DOBZHA~SKY and WALLACE (1953) and WALLACE et al. (1953) has demonstrated a great wealth of genetic variation in Drosophila populations and our experience with body size supports their findings.
The relative importance of specific heterozygous combinations is likely to vary with the genetic background and the more unfavourable the genetic background for normal development, the greater the superiority, on the average, of heterozygous combinations. This is consistent with the evidence that the most striking interactions are associated with the substitution of chromosomes in lines of smaller size and lower egg production. The present viewpoint differs from that of Lerner (1954) who regards heterozygosity per se as the essential key to both high level of performance of adaptive characters and the reduction in sensitivity to external conditions.
In general, as the genotype changes in the direction of smaller size or lower egg production, the greater the evidence for genetic interaction. Gene combinations which favour normal performance and which reduce the importance of interaction will be responsible for a reduction in the phenotypic variability if many loci are heterozygous, and this has an obvious bearing on the interpretation of genetic variability of quantitative characters in wild stocks. Inbreeding, leading to more or less random fixation, is likely to cause changes which make segregation of genes at unfixed loci more evident than is normally the case, especially if the genetic changes are generally unfavourable. Thus the interpretation of phenotypic variation in populations undergoing inbreeding is likely to be particularly difficult; fixation tends to reduce variation due to segregation, but is also likely to be accompanied by an increase in the phenotypic effects of segregation, and, also, an increase in the sensitivity to environmental conditions.
The genetic control of differences in sensitivity to external conditions merits more detailed study, since interpretations will vary somewhat according to the nature of the environmental variation and the way in which it influences the phenotypic level of size or egg production. Such variation may be effective at all stages of development, but some stages are likely to be more influenced than others by the sort of variation encountered in a given series of experiments. The increase in sensitivity to environmental conditions with genotypes which lead to lower levels of performance, and which are also associated with increased evidence of genetic interaction, suggests that the developmental processes of these genotypes are subject to limitations arising possibly from the slower rate of basic reactions or increased competition for nutrients. Changes, either of genetic or external origin, are likely to lead to disproportionately large effects in such a situation. In general, the relative importance of environmental variation in the outbred population is likely to provide a reasonable guide to the resistan~ to inbreeding of different characters.
Although body size and egg production represent different aspects of adaptation, the present experiments indicate similarity in the general properties of the genetic variation which determines their levels of expression. The phenomena encountered in the chromosome analyses of size appear in more exaggerated form in egg production, which is more sensitive to external conditions and suffers a greater decline with inbreeding, while individual substitutions in homozygous backgrounds return relatively further towards the normal level. It is possible that the level of egg production may provide a better measure of the rate and efficiency of growth than body size, and this naturally raises the question as to how far the genetic conditions which favour the normal level of both characters are the same or different. However further discussion must await the outcome of experiments designed to throw further light on this problem.
Summary.
1. Reciprocal substitution of the major chromosomes between pairs of unselected inbred lines has been used to study the origin of the heterosis for body size and egg production which occurs in crosses between lines. The effects have been analysed in seven crosses for wing and thorax length and in four crosses for egg production.
2. With the aid of autosomal, marked recessives and appropriate crosses, fifteen of the possible twenty-seven genotypes have been prepared for each pair of lines. These comprise the twelve types with either a single or double substitution in the genetic background of either line, the fully heterozygous F 1 and the two homozygous parent lines; only females have been studied. For analyses this array can be treated as two groups of eight genotypes, including the substitution of chromosomes from line A in the background of the other, B, and vice versa, with the triple heterozygote (XXX) common to both groups.
3. A general least squares test indicates the occurrence of widespread interaction between the effects of substituting non-homologous chromosomes on wing and thorax length and also egg production. Hence the heterosis of the crosses cannot be accounted for in terms of the summation of the independent. effects of dominance or over-dominance.
4. Further analysis indicates that the most striking interactions tend to occur in the homozygotes, and result in these being smaller and laying fewer eggs than would be expected from the behaviour of the partial heterozygotes. There is also some tendency for the triple heterozygotes to perform a little better than predicted, while in a few cases interactions occur when substitutions are made in a partially heterozygous background. Significant interactions are generally most frequent when chromosomes are substituted in lines with particularly low values of size or egg production.
5. The environmental variance of the genotype shows a high negative correlation for each character with both mean and an index of heterozygosity based on length of chromosomes heterozygous. The variance and mean still show some negative correlation when the index of heterozygosity is held constant, but if the mean is held constant there is no significant residual correlation between variance and heterozygosity. It is concluded that the crude level of heterozygosity is not the only factor determining the level of environmental variability b u t t h a t other genetic changes which affect the m e a n also tend to affect the variance inversely.
6. An estimate of the relative activity of chromosomes I, I I and I I I as they affect the m e a n a n d variability of each character can be derived from their average substitution effects in all the lines. These estimates for the three characters are very similar and suggest t h a t the activities of I I I , I I a n d I are roughly in the proportion of 100: 60 : 20. Thus for I l I and I I activity is nearly proportional to metaphase chromosome length, while the activity for I is p r o b a b l y lower.
7. The inter-relations between mean, variability and level of heterozygosity are discussed and a t t e n t i o n is drawn to the following points: i) I n spite of being rather different "characters" body size and egg production present the same picture in terms of the n a t u r e of t h e g e n e t i c interaction.
if) During the course of inbreeding the genetic variance will p r o b a b l y decline less rapidly t h a n the level of heterozygosity, due to gene interactions becoming more marked as the background becomes more homozygous. At the same time the e n v i r o n m e n t a l v~riance will be increasing.
iii) The genetic control of sensitivity to e n v i r o n m e n t a l conditions merits closer study, since this is likely to throw light on the genetic conditions which favour a high level of performance in adaptive characters.
